Introduction
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Phytoplankton are single celled photosynthetic microorganisms that live in the upper, 50 illuminated layer of the oceans. Like plants in terrestrial ecosystems, phytoplankton are 51 the basis of marine food webs. High turnover, estimated to be weekly based, due to high 52 growth and death rates mediated mainly by availability of nutrients, grazing, and viral 53 infections, make phytoplankton very responsive to climate change (Falkowski et al., 54 1998; Bidle and Falkowski, 2004; Chavez et al., 2011; Behrenfeld and Boss, 2014 for translocation across the cell membrane (Maldonado and Price, 2001; Maldonado 88 et al., 2006; Kustka et al., 2007) . Recently, a copper-independent, non-reductive 89 mechanism was reported to directly bind and concentrate Fe 3+ by Iron Starvation Induced 90
Protein 2a (ISIP2a) (Morrissey et al., 2014) . After acquiring the iron, intracellular 91 concentrations must be tightly regulated to avoid oxidative damage. Ferritin, an iron-92 storage protein used by plants, animals and microorganisms to concentrate and store iron 93 (Theil, 2004) , is present in all diatom classes but is probably used to buffer iron 94 concentrations and not for long-term storage (Marchetti et al., 2009; Groussman et al., 95 2015; Pfaffen et al., 2015) . During iron limitation diatoms can substitute the common 96 iron-sulfur redox protein ferredoxin with flavodoxin, a functionally equivalent, non-iron-97 containing protein (La Roche et al., 1993; McKay et al., 1997; Erdner et al., 1999; 98 McKay et al., 1999) . Induction of carotenoids biosynthesis, tocopherols, 99 dehydroascorbate and alternative oxidase may all compensate for down-regulation of iron 100 containing antioxidants such as heme peroxidase, while proteorhodopsins may partially 101 compensate for impaired iron-rich photosystem I (Allen et al., 2008; Marchetti et al., 102 2015) . 103
Despite the advantage of iron-based metabolism, iron might be cytotoxic for living cells 104 as the production of harmful ROS such as hydroxyl radical can be triggered by free iron 105 (Fe +2 ) in the Fenton/Haber-Weiss reaction (Kolthoff and Medalia, 1949) . Therefore, iron 106 uptake sequestration is tightly controlled to avoid the accumulation of potentially 107 dangerous free iron in the cell. In contrary, iron limitation can lead to oxidative stress as a 108 result of inefficient activity of the photosynthetic electron transport chain that use iron as 109 an essential co-factor, and reduction in iron containing antioxidants (Niyogi, 1999) . In the 110 centric diatom Thalassiosira pseudonana iron limitation led to oxidative stress and 111 further induction of hallmarks of programmed cell death (PCD) (Thamatrakoln et al., 112 2012; Luo et al., 2014) . In plants, long-term iron limitation can lead to H 2 O 2 113 accumulation, indicating iron deficiency-induced oxidative stress (Le et al., 2016) . Due to 114 their toxic effects, ROS levels are tightly controlled by the cellular antioxidant network 115 (Mittler et al., 2004) . Iron is an important co-factor in numerous ROS-degrading enzymes 116 5 (Fe-superoxide dismutase, superoxide reductase, and catalases (Ravet and Pilon, 2013) ), 117
suggesting an important interplay between ROS and iron metabolism. Iron based 118 metabolism can make the cells more susceptible to oxidative stress as high ROS level can 119 damage Fe-S-containing proteins, impairing their biochemical activity and leading to the 120 release of Fe +2 which can trigger the Fenton reaction. The aim of the present study was to 121 examine the effect of iron limitation on the response to oxidative stress in the model 122 diatom P. tricornutum. We measured physiological parameters and conducted proteome 123 profiling during different phases of iron limitation in which the susceptibility to oxidative 124 stress changed markedly. 125 7 In order to examine how the observed decrease in the GSH pool may remodel the 157 susceptibility to oxidative stress during iron limitation, we treated the cells with 30 or 150 158 µM H 2 O 2 and measured cell death after 24 hours by using Sytox Green DNA-binding 159 fluorescent stain, which is used to assess membrane integrity and phosphatidylserine 160 externalization (Annexin V) both considered as a good proxy for induction of cell death 161 (Graff van Creveld et al., 2015) . No cell death was detected in response to 30 µM H 2 O 2 162 in replete or in iron limited cells, while application of 150 µM H 2 O 2 induced both cell 163 death as measured by fluorescence markers for membrane permeability, and 164 phosphatidylserine externalization in replete cultures ( Fig. 2A and B) . Quantification of 165 phosphatidylserine externalization at day 6 of iron limitation, exhibited 47% positive 166 8 cells at 8 hours post 150 µM H 2 O 2 treatment (Fig. 2B ), at this time point there were less 167 than 12% Sytox positive cells (Supplemental Fig. S4 ). Intriguingly, whereas the iron-168 limited cultures showed similar sensitivity to oxidative stress during the first four days of 169 limitation, they exhibited a profound resistance to H 2 O 2 from day 5 of iron limitation 170 ( Fig. 2A) . This resistance to H 2 O 2 treatment was transient, with 4% Sytox positive cells 171 at 24 hours post treatment, but 92% Sytox positive cells within 48 hours, as in the replete 172 cells (Supplemental Fig. S5A ). The same treatment at day 6 of iron limitation led to 2% 173 Sytox positive cells 24 hours post treatment, preceded to 37% and 97% Sytox positive 174 cells at 48 and 102 hours respectively (Supplemental Fig. S5B ). The observed delay in 175 cell death suggests that the chronically iron-starved cells were in a metabolic and 176 physiological state that enabled them to survive oxidative stress. 177 9 Accordingly, we defined two physiological phases in iron limited cultures, "phase I" in 178 which H 2 O 2 sensitivity was similar to iron-replete cells (days 1-3 of iron limitation) and 179 "phase II" in which chronically iron-limited cells (> 5 days of iron limitation) acquired 180 resistance to H 2 O 2 . Oxidation of organelle-specific roGFP in response to 150 µM H 2 O 2 181 was comparable under replete Fe conditions and during phase I (day 1) and phase II (day 182 7) of iron limitation (Fig. 1D) We previously demonstrated that early oxidation of mitochondrial roGFP, which 197 represent the mitochondrial GSH redox potential, is an early perturbation event in the 198 subsequent induction of a cell death biochemical cascade (Graff van Creveld et al., 2015) . 199
In line with these findings, we detected threshold levels in oxidation in the mitochondria 200 (70%) or nucleus (40%) within 3 hours of H 2 O 2 treatment under iron replete conditions. 201
These thresholds were indicative of subsequent induction of PCD-like process 24 hours 202 post-treatment in replete cells (Fig. 3A) . Iron limited cells in phase I (days 1-3) displayed 203 a similar trend (Fig. 3B) . In contrast, no correlation between mitochondrial or nuclear 204 roGFP oxidation and subsequent induction of cell death was detected in phase II (day 5 205 onward) iron-limited cells (Fig. 3C , Supplemental Table S1 (Fig. 4A ). Out 218 of 2191 identified proteins, ~10% were upregulated (fold change > 1.5, p value <0.05) in 219 phase I (day 3 of iron limitation, compared to the replete culture) or in phase II (day 5 220 compared to day 3 of iron limitation), while 2% and 30% of the identified proteins were 221 down regulated (fold change < -1.5, p value <0.05) in phase I and phase II, respectively 222 (Fig. 4B) . 223
Functional analysis of enriched biological terms was performed for each treatment using 224
Gene Ontology (GO) analysis. In phase I (day 3 of iron limitation compared to replete 225 culture), GO terms related to cell redox homeostasis, oxidoreductase activity, and NADP 226 metabolic process (GO: 0045454, 0016668, 0006739) Table S4 ) which may mediate tolerance to photo-oxidative 237 stress under iron limited conditions (Lommer et al., 2012) . 238
The iron starvation induced proteins (ISIP's) and the canonical iron starvation protein 239 flavodoxin, which substitutes the iron-containing ferredoxin, were induced during iron 240 limitation (Fig. 5A) Since we could phenotypically categorize the different phases during iron-limitation 247 based on susceptibility to oxidative stress, we were motivated to explore how proteins 248 related to ROS metabolism were modulated during iron limitation in the two phases. 249
Antioxidant proteins were generally un-changed or slightly up-regulated in phase I and 250 down-regulated in phase II (Fig. 5A ). While peroxiredoxin (Prx), Cu/Zn superoxide 251 dismutase (Cu/Zn-SOD) and thioredoxin (Trx) were slightly upregulated and 17 252 antioxidants were unchanged in phase I, 12 antioxidant enzymes were significantly 253 down-regulated in phase II, with the exception of one glutathione-S-transferase (GST), 254 and 2 Trxs (Fig. 5A and Supplemental Table S3 ). Interestingly, bacterial-like Ni-SOD 255 was upregulated in phase II ( Fig. 5A and Supplemental Table S3 ). The general reduction 256 in antioxidant capacity during phase II (Fig. 5A) , and the major decrease in GSH content 257 (Fig. 1C) emphasizes the paradox in the observed resistance to oxidative stress, displayed 258 by the cells in this phase of iron limitation. 259
To conclude, we detected two phases of response to iron limitation. In the first phase we 260 observed induction of cellular strategies to cope with iron deficiency (as ISIP's and 261 flavodoxin) with no decrease in growth rate or photosynthetic efficiency, while in chronic 262 iron limitation (phase II) we observed a decrease in growth rate, chlorophyll content, 263 photosynthetic efficiency, glutathione content and a large proteomic shift (about 40% of 264 the proteome) that were coupled with resistance to oxidative stress. 265
Iron limited cells in the ocean resemble phase II metabolic state 266
Based on various physiological parameters, response to oxidative stress and proteome 267 profiling, we defined two distinct cellular states representing early (phase I) and late 268 (phase II) cellular responses to iron limitation. We were encouraged to investigate 269 whether any of the phases is reflected in natural diatoms population in the ocean. We 270 compared the P. tricornutum proteome with metatranscriptomic data from Ocean Station 271 Papa in the Pacific Ocean (50°N, 145°W), where iron enrichment (addition of 4 nM to 272 oceanic water with less than 0.05 nM Fe) led to induction of phytoplankton growth, 273 dominated by diatoms of the genera Pseudo-nitzschia and Fragilariopsis (Marchetti et 274 al., 2012) . A recent study described a coordinated transcriptome and proteome patterns in 275 diatoms response to phosphorus limitation (Dyhrman et al., 2012) . Nevertheless, since 276 quantitative proteomics and transcriptomics data are not necessarily comparable 277 (Bertrand et al., 2012) , we examined the trend similarities between the proteome and the 278 metatranscriptome studies by comparing between lists of differentially expressed proteins 279 and transcripts (up or down regulation). This qualitative comparative approach can 280 provides a straightforward way to determine the similarity in expression profiles between 281 datasets retrieved using different methodologies. Diatom-specific gene expression 282 profiles were retrieved from (Marchetti et al., 2012) , and compared to the P. tricornutum 283 proteome using best hit blast. A total of 1190 proteins were detected in both datasets. For 284 example, Fe-containing ferredoxins which were down regulated in the iron limited 285 proteome were induced in iron resupply metatranscriptome as expected, however Fe-free 286 flavodoxin, which is known to replace ferredoxin under low iron conditions was further 287 induced upon iron resupply (Fig. 5A ). Interestingly, 98 hours upon iron resupply, diatoms 288 relay on Fe-free flavodoxin and plastocyanin and not on Fe-containing ferredoxin and 289 cytochrome C6, despite the existence of the genes encoding for Fe-containing enzymes in 290 the genome of the associated diatoms species (Marchetti et al., 2012) . This data raises 291 fundamental questions about diatom's response to variation in iron quota and suggests 292 possible benefits of the iron-free metabolic state. Interestingly ISIP2a, ISIP3 and 293 flavodoxin were also induced upon iron enrichment ( 
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The increase in abundance of iron containing proteins during evolution, despite the 322 decrease in iron bioavailability due to ocean oxygenation, points to the great advantage of 323 iron-based metabolism in promoting cellular growth (Lawrence and Alm, 2011) . Iron is 324 an ideal transition metal for redox reactions in biological systems during photosynthesis, 325 respiration, and diverse enzymatic reactions involved in nitrogen assimilation, pigment 326 synthesis, fatty acid saturation and DNA synthesis. Nevertheless, recent 327 metatranscriptomic experiment suggests a possible benefit of low-iron metabolism, where 328 fraction of the metatranscriptome encoded proteins remained iron-free, although iron was 329 added to the seawater samples (Marchetti et al., 2012) . By examining sensitivity to 330 oxidative stress, as a result of H 2 O 2 treatment, during iron limitation in parallel to protein 331 expression profiles in the model diatom P. tricornutum, we detected two distinct 332 metabolic phases in the response of diatoms to iron limitation. While phase I is 333 characterize by up-regulation of several antioxidant proteins and sensitivity to oxidative 334 stress, phase II cells exhibited resistance to oxidative stress along with a decrease in the 335 cellular GSH pool, antioxidant proteins, iron containing proteins, photosynthetic 336 efficiency, respiration rate and growth rate. Importantly, our data indicate that the 337 differential sensitivity to oxidative stress between phase I and phase II was neither due to 338 differential H 2 O 2 permeability nor due to differential oxidization of the GSH pool, which 339 was highly comparable between the two phases (Fig. 1D) . These results suggest a 340 tradeoff between high growth rates, achieved by the iron based metabolism, and 341 resistance to environmental stress conditions (i.e. high light, nitrogen limitation and 342 infochemicals) that can induce organelle specific oxidative stress that is comparable to 343 external application of H 2 O 2 (Rosenwasser et al., 2014; Graff van Creveld et al., 2015) . 344
Furthermore, early oxidation of mitochondrial roGFP was found to predict subsequent 345 cell death in cells under natural environmental stress conditions and in response to H 2 O 2 346 (Fig. 3, A , B and Graff van Creveld et al., 2015) . The only exception we detected so far is 347 in the response of chronically iron limited (phase II) cells to H 2 O 2 (Fig. 3C) stress and iron metabolism are tightly connected, and regulated cell death from iron-354 dependent oxidative injury was described as "ferroptosis" in mammalian cells (Dixon et 355 al., 2012; Reed and Pellecchia, 2012) . While iron-chelators can directly prevent cell death 356 in cancer and neurodegenerative diseases, the direct iron-containing, peroxide sensitive 357 target is still unknown (Antunes et al., 2001; Seiler et al., 2008; Weinreb et al., 2010; 358 Hamacher-Brady et al., 2011; Dixon and Stockwell, 2014) . To the best of our knowledge, 359 ferroptosis was never described in photosynthetic organisms, nevertheless, free Fe 2+ have 360 a crucial role in plant PCD (Swidzinski et al., 2004) . In contrast to mammalian cells, 361 many diatoms are adapted to low-iron environments and have large internal storage of 362 iron (Sutak et al., 2012) . In this light, it is not surprising that diatoms resistant to 363 oxidative stress are observed only in long term, chronic iron limitation and following 364 application of a strong chelator, when the internal storage of iron is completely depleted. 365
Due to its high reactivity, iron homeostasis has to be tightly controlled, restricting iron 366 availability only to specific targeted proteins (Finney and O'Halloran, 2003) . In order to 367 avoid the toxicity of free iron, ferritin is used in all kingdoms to safely store iron 368 (Andrews et al., 1992) . In plants, ferritin is crucial in order to utilize iron while avoiding 369 iron-induced oxidative damage and toxicity (Ravet and Pilon, 2013) . In the absence of 370 iron the ferritin mutant plants do not exhibit any macroscopic phenotype, but have 371 elevated ROS levels and display induction of antioxidants. However, under high iron 372 conditions, wild-type plants induced growth while the ferritin mutant is overwhelmed by 373 oxidative damage (Ravet et al., 2009) . Ferritin was found in all diatoms classes 374 (Groussman et al., 2015) , and it is important in maintaining high growth rates in sporadic 375 availability of iron (Marchetti et al., 2009; Pfaffen et al., 2013) . Intriguingly, the role of 376 the diatom ferritin is probably to buffer the iron quota rather than to store it, as this 377 ferritin is not optimized for iron mineralization, enabling rapid release of iron when it is 378 required (Pfaffen et al., 2015) . Upon iron limitation, algae (red and green linages) and cyanobacteria replace the iron-380 containing ferredoxin with the iron-free flavodoxin, which is absent in genomes of land 381 plants (Tognetti et al., 2006) . Flavodoxin and especially the ratio between flavodoxin and 382 ferredoxin were suggested as in situ markers for iron limitation in the marine 383 environment, due to induction of flavodoxin in iron limitation and its downregulation 384 upon iron-resupply (La Roche et al., 1995; La Roche et al., 1996; Erdner et al., 1999; 385 Chappell et al., 2014) . Ectopic expression of flavodoxin in land plants not only improve 386 fitness during iron starvation, but also confers multiple stress-tolerance, including 387 tolerance to oxidative stress (Tognetti et al., 2006; Tognetti et al., 2007; Lodeyro et al., 388 2012) . Part of the effect may be due to replacement of ferredoxin functions, as ferredoxin 389 is downregulated under diverse stress conditions. Nevertheless, overexpression of 390 ferredoxin did not induced stress tolerance as flavodoxin did (Ceccoli et al., 2011) . The 391 induction in flavodoxin expression during iron limitation, cannot by itself explain the 392 H 2 O 2 resistance that was detected in phase II, as flavodoxin was highly induced already 393 during phase I, and the decrease in ferredoxin was mainly in phase I (Fig. 5A) . 394
Remarkably, in the metatranscriptomic experiment on natural populations, 4 days after 395 iron enrichment there was some induction of ferredoxin, and 10 fold higher induction in 396 flavodoxin (Fig. 5A ). High flavodoxin levels may contribute to general stress tolerance or 397 as cellular preparation for fluctuating iron availability in the ocean. Another possible 398 explanation is that 4 days following iron enrichment (4 nM Fe) iron is mainly consumed 399 by nitrogen assimilation pathway and photosynthesis proteins, therefore hindering 400 induction of ferredoxin (Marchetti et al., 2012) . This exemplifies the strength of 401 proteomic approach in increasing the detection resolution of the cellular response to 402 varying iron concentrations and enables better characterization of the two phases of iron 403
limitation. 404
In addition to the regulation of iron homeostasis in the cells, the cellular antioxidant 405 network which is composed of antioxidant enzymes and small molecules serves in 406 detoxifying harmful ROS and prevent their interaction with free iron. Indeed, in phase II 407 of iron limitation, we detected a general decrease in antioxidant proteins such as 408 ascorbate peroxidase, catalase, dehydroascorbate reductase, glutathione peroxidase, 409 glutathione reductase and Prx (Fig. 5A) (Fig. 5A) . In contrast, few antioxidants were upregulated in chronic iron limitation, 413 including two Trxs, one out of four GSTs and Ni-SOD (Fig. 5A) . Although two Trxs are 414 induced in phase II, thioredoxin reductase, which is essential to reduce Trx is induced in 415 phase I and down regulated in phase II (fold changes 2.1, -7.4 respectively, p values 416 <0.05, Supplemental Table S4 ). The specific induction of one GST may induce 417 glutathionylation and protection of specific target proteins that are crucial for the 418 resistance to oxidative stress. However, as there is no complete growth arrest in phase II, 419 there is still a demand for antioxidant enzymes to detoxify normal byproducts of 420 photosynthesis and respiration. 421
Diatoms under iron limitation were shown to substitute Fe-SOD with other Fe-free 422 isoforms to minimize oxidative stress under low iron availability (Allen et al., 2008) . In 423 our proteome we identified 3 SODs: Cu/Zn-SOD, Ni-SOD and Mn/Fe-SOD 424 (Supplemental Table S3 ). Cu/Zn-SOD exhibited downregulation in phase II (fold change 425 -1.53, p value 0.002) while the Ni-SOD was induced in phase II (fold change 1.63, p 426 value 0.045), to our knowledge, this is the first time that Ni-SOD shown do have a role in 427 diatoms response to iron limitation. Ni-SOD is prevalent in open ocean species, where 428 iron concentrations are low, and considered to be acquired via horizontal gene transfer, 429 concomitant to the loss of Fe-SOD (Dupont et al., 2008; Dupont et al., 2010) . 430
Comparison of P. tricornutum proteome to a metatranscriptome of a naturally iron-431 limited population (Marchetti et al., 2012) suggested that natural populations of diatoms 432 exhibit a metabolic state which is more similar to phase II than to phase I of iron 433 limitation (Fig. 5B) , suggesting that diatom cells in natural low-iron conditions may 434 benefit from low-iron metabolism by resistance to oxidative stress as in phase II of iron 435 limitation ( Fig. 2A) . Remarkably, following resupply of a low amount of iron (18.5 nM), 436 chronically iron starved cells (phase II) can maintain high growth rates while still 437 displaying resistance to oxidative stress ( Fig. 1A and 2C shunt the iron to the nitrogen assimilation pathway while other metabolic pathways were 444 kept partially iron free (Marchetti et al., 2012) . Notably, in P. tricornutum, upregulation 445 of ferritin was detected (Supplemental Table S3 ), enabling safe iron storage. In 446 agreement, upon iron resupply to the ocean the blooming species are usually pennate 447 diatoms that encode for ferritin (Marchetti et al., 2012; Morrissey and Bowler, 2012; 448 Groussman et al., 2015) . As ferritin is crucial for iron utilization and avoiding iron 449 toxicity, it is important to note that some pennate, and many centric diatoms, do not have 450 the gene encoding for ferritin (Groussman et al., 2015) . These diatoms may be subjected 451 to high oxidative damage in response to natural or artificial iron enrichments. Taken 452 together, these metabolic and physiological consequences should be considered when 453 suggesting to artificially fertilize the ocean with iron in order to enhance biological 454 productivity and remove atmospheric CO 2 . Here we revealed a possible cost of iron based 455 metabolism as high-sensitivity to oxidative stress. While the scale of the iron-induced 456 blooms and the deposition to the deep ocean are widely investigated, our data suggests 457 that physiological tradeoff and metabolic remodeling should be further investigated in 458 higher resolution. Defining the physiological and metabolic states under iron limitation, 459 based on hundreds of co-expressed proteins, provides a sensitive systems approach to 460 reveal a gradient in phenotypic strategies employed by marine algae in response to stress 461 in the marine environment. 462 Degree of oxidation was measured using transformant lines expressing roGFP in the 507 chloroplast, mitochondria or nucleus as described in (Rosenwasser et al., 2014 , Graff van 508 Creveld et al., 2015 . All the experiments were preformed simultaneously in WT and 509 roGFP expressing lines and all the examined physiological parameters such as growth 510 rates, chlorophyll auto fluorescence per cell and H 2 O 2 resistance (e.g. Sytox green stain 511 for cell death assay) were similar between the WT and roGFP expressing transformants. were then diluted to 1.6 M urea and proteins reduced using 5 mM dithiothreitol (Sigma) 544 for 30 minutes in 56 °C. This was followed by alkylation using 10mM iodoacetamide for 545 30 minutes in the dark at room temperature. Trypsin was then added at a ratio of 50:1 546 (protein:trypsin) at 37 °C overnight. Digestion was stopped using 1% formic acid. 547
Materials and Methods
Samples were desalted using Oasis HLB (Waters). Samples were frozen in -80 °C until 548 mass spectrometry analysis. 549
Liquid Chromatography: 550 ULC/MS grade solvents were used for all chromatographic steps. Each sample was 551 loaded using split-less nano-Ultra Performance Liquid Chromatography (10 kpsi 552 nanoAcquity; Waters, Milford, MA, USA) in high-pH/low-pH reversed phase (RP) 2 553 dimensional liquid chromatography mode. 15 μg of digested protein from each sample 554 were loaded onto a C18 column (XBridge, 0.3x50 mm, 5 μm particles, Waters). The 555 following two buffers were combined: (A) 20 mM ammonium formate, pH 10 and (B) 556 acetonitrile (ACN). Peptides were released from the column using a step gradient: 6.9% 557 B, 10.4% B, 12.1% B, 13.5% B, 14.7% B, 15.9% B, 17.3% B, 18.8% B, 20.9% B and 558 65% B. Each fraction flowed directly to the second dimension of chromatography. The 559 buffers used in the low pH RP were: (A) H 2 O + 0.1% formic acid and (B) ACN + 0.1% 560 formic acid. Desalting of samples was performed online using a reverse-phase C18 561 trapping column (180 µm i.d., 20 mm length, 5 µm particle size, Waters). Then the 562 peptides were separated using a C18 HSS T3 nano-column (75 µm i.d., 150 mm length, 563 1.8 µm particle size, Waters) run at 0.4 µl·min -1
. Finally, peptides were eluted from the 564 column and loaded onto the mass spectrometer using the following protocol: 3% to 30% 565 B over 60 minutes, 30% to 95% B over 5 minutes, 95% maintained for 7 minutes (and 566 then back to initial conditions). 567
Mass Spectrometry: 568
The nanoLC was coupled online through a nanoESI emitter (7 cm length, 10 mm tip; 569 New Objective; Woburn, MA, USA) to a quadrupole ion mobility time-of-flight mass 570 spectrometer (Synapt G2 HDMS, Waters) tuned to 20000 mass resolution (full width at 571 half height). Data were acquired using Masslynx version 4.1 in HDMSE positive ion 572 mode, in which the quadrupole was set to transfer all ions. The ions were separated in the 573 T-Wave ion mobility chamber and transferred into the collision cell. Collision energy 574 was alternated from low to high throughout the acquisition time. In low-energy (MS1) 575 scans, the collision energy was set to 5 eV and this was ramped from 27 to 50 eV for 576 high-energy scans. For both scans, the mass range was set to 50-2000 Da with a scan time 577 set to 1 second. A reference compound (Glu-Fibrinopeptide B; Sigma) was infused 578 continuously for external calibration using a LockSpray and scanned every 30 seconds. 579 Data Processing, Searching and Analysis: 580 Quantification of protein expression was conducted using MS1 intensity based label-free 581 quantification as described in (Levin et al., 2011) . Raw data were imported into Rosetta 582
Elucidator System version 3.3 (Rosetta Biosoftware, Seattle WA USA). Elucidator was 583 used for retention time alignment and extraction of MS1 feature intensities. In parallel, 584 database searching was performed using ProteinLynx Global Server (IdentityE) version 585 2.5. Database searching was carried out using the Ion Accounting algorithm described by 586 Li et al., 2009 . Trypsin was set as the protease, one missed cleavage was allowed and 587 Rosenwasser et al., 2014 . A 595 target-decoy strategy was performed using reversed sequences. The criteria for protein 596 identification were set to minimum of three fragments per peptide, five fragments per 597 protein and minimum peptide score of 6.7, which corresponds to the false identification 598 rate (FDR) of 1%. The approach for setting the minimum identification score is based on 599 reports by Keller et al, and termed Peptide Prophet (Keller et al., 2002; Nesvizhskii et al., 600 2003) . Identifications were imported automatically into Elucidator for annotation of 601 features, applying a 'match between runs' approach of propagating identifications 602 between samples. Protein quantification inference was conducted using the Hi-3 method 603 (Silva et al., 2005) . A Student's T Test was used for statistical evaluation after 604 logarithmic transformation of protein intensities. Fold changes were determined by 605 dividing the arithmetic mean of the three biological replicates in each group. When a 606 protein was detected only in one of the condition a fold change value of +/-1000 was 607 assigned. All mass spectrometry data, including raw data, processed spectra and 608 identifications have been deposited to the ProteomeXchange Consortium 609 (http://proteomecentral.proteomexchange.org) via the PRIDE partner (Vizcaino et al., 610 2013) Diatoms-derived expression datasets from Papa station metatrasncriptomes (Marchetti et 616 al., 2012) were obtained from Adrian Marchetti in order to compare with the P. 617 tricornutum proteome. Diatoms sequences were retrieved using Uniport databases 618 (http://www.uniprot.org/). To obtain orthologous protein pairs these proteins were blasted 619 against the P. tricornutum databases (Rosenwasser et al., 2014) Table S1 . Number of samples in each cluster presented in Figure 3 ; 634 'reduced and live', 'reduced and dead', 'oxidized and live' or 'oxidized and dead', in 635 replete, phase I and phase II. 636
Supplemental Table S2 . Functional analysis of enriched biological terms was performed 637 for phase I (day 3 of iron limitation compared to replete) and phase II (day 5 compared to 638 day 3 of iron limitation) using Gene Ontology (GO). This data is visualized in Fig 4C.  639 Supplemental Table S3 . Fold changes and p values in phase I, phase II and 98 hours 640 following iron enrichment in Ocean Station Papa (Marchetti et al., 2012 (Marchetti et al., 2012) . Table S2 . Functional analysis of enriched biological terms was performed 685 for phase I (day 3 of iron limitation compared to replete) and phase II (day 5 compared to 686 day 3 of iron limitation) using Gene Ontology (GO). This data is visualized in Fig 4C. 687 Supplemental Table S3 . Fold changes and p values in phase I, phase II and 98 hours 688 following iron enrichment in Ocean Station Papa (Marchetti et al., 2012) . Data presented 689 only for the proteins presented in Fig 5A . Protein codes represent P. tricornutum GI 690 numbers. Fold change < -1.5 presented in green, fold change >1.5 presented in red and p 691 value >0.5 presented in grey background. 692 Supplemental Table S4 . Fold changes and p values in phase I, Phase II and 98 hours 693 following iron enrichment in Ocean Station Papa (Marchetti et al., 2012 (Marchetti et al., 2012) . Gene numbers represent P. tricornutum GI 754 numbers. B, Gene to gene comparison of proteins present in both P. tricornutum phase I 755 or phase II proteomic data (p value <0.05), and Papa Station, total of 116 genes. Genes 756
